The initial events after photoexcitation and photoionization of α-tocopherol (vitamin E) and the analogue Trolox C have been studied by femtosecond stimulated Raman spectroscopy, transient absorption spectroscopy and time-resolved infrared spectroscopy. Using these techniques it was possible to follow the formation and decay of the excited state, neutral and radical cation radicals and the hydrated electron that are produced under the various conditions examined.
INTRODUCTION
Antioxidants play a crucial role in biological systems, preventing oxidative stress that would otherwise result in damage to biomolecules. 1 In the case of a lipid (LH), peroxidation of polyunsaturated acyl chain components 2 leads to products that are responsible for membrane damage in cells 3 and modified uptake in lipoproteins that results in atherosclerosis . 4, 5 The chemical process of lipid peroxidation (Scheme 1) is a free radical chain reaction initiated by hydrogen atom abstraction from the allylic group of a polyunsaturated fatty acyl chain to produce a carbon-centred free radical (L • ) which reacts with molecular oxygen to form a propagating lipid peroxyl free radical (LOO  ). 2 Chain breaking antioxidants, of which the most important are the molecules comprising the vitamin E (tocopherol and tocotrienol) group, intercept the propagating lipid peroxyl radical and inhibit the peroxidation process as indicated in Scheme 1. 6, 7 The resulting tocopheroxyl radical is relatively stable and unreactive and so cannot propagate the chain reaction in the same way as LOO • .
Scheme 1 The free radical chain mechanism of lipid (LH) oxidation involving lipid (L·) and lipid hydroperoxides (LOO·) radicals as intermediates, and the role of tocopherols as chainbreaking antioxidants. α-Tocopherol (R = -phytyl in Scheme 1) is the most active member of the vitamin E group and associates through the hydrophobic phytyl chain with membranes and lipoproteins wherein it exerts its antioxidant activity. 8, 9 In order to facilitate investigation in aqueous solution Trolox C (R = -COOH), a water soluble α-tocopherol analogue, has been widely studied. The absorption spectrum of the tocopheroxyl radical cation from Trolox C peaks 470nm, and shifts to 430 -440 nm for the corresponding neutral radical. 10,11 12 The radical cation of the related cationic water soluble analogue MDL73404 (R = -(CH 2 ) 3 N(CH 3 ) 3 + ) has a pK a of -1.4 as determined by transient absorption spectroscopy with laser flash photolysis. 12 Nanosecond flash photolysis of Trolox C in aqueous solution and of α-tocopherol in SDS micelles shows formation of the neutral tocopheroxyl radical and the hydrated electron, 13, 15 suggesting that the initial photoionization is rapidly followed by deprotonation, equation (1) In acetonitrile the radical cation is more persistent and can readily be observed on a microsecond timescale. 15 In contrast, in methanol only the neutral radical is formed suggesting that in this less polar solvent only homolytic -OH bond breakage occurs. Therefore photoionization occurs as a result of high solvent polarity when the radical cation and electron are strongly solvated, and deprotonation is fast in the presence of a proton acceptor such as water. The contrast between photoionization in polar media and homolytic bond breaking in less polar solvents mirrors the possible mechanisms of concerted electron/proton transfer or hydrogen atom transfer in the antioxidant reaction of vitamin E. Photolysis therefore offers an opportunity to study a half-reaction of the vitamin E reaction and in particular to measure the acidity and kinetics of proton loss from the tocopheroxyl radical cation.
Time-resolved Raman spectroscopy (TR 3 ) of tocopherol photoionization has been performed in the nanosecond and picosecond time domains. 12, 14 The advantage of TR 3 is that it provides a unique molecular specific fingerprint and by using a Raman excitation wavelength matching the electronic absorption of the molecule of interest, is able to provide a high contrast between solvent and solute species. This latter point has no equivalent in the complementary technique of infrared spectroscopy. Therefore TR 3 is well suited to the study of α-tocopheroxyl cation and neutral radicals that are partially spectrally obscured in transient absorption spectra by the intense solvated electron absorption that is generated immediately following the photolyzing laser pulse. However, TR 3 studies are limited in time resolution to a few picoseconds because of the need to compromise between time resolution (duration of the probe laser pulse) and spectral resolution. 16 This limits temporal resolution to ca. 3 ps in order to maintain reasonable spectral resolution at ca. 15 cm -1 and therefore picosecond TR 3 is unable to effectively resolve the initial stages of the photoionization and also potential reactions of excited states and radical species as they undergo proton loss due to a change in the pK a of the phenolic proton in going from the ground to excited and radical states. Furthermore the competing process of geminate recombination of the solvated electron and the ionized tocopheroxyl radical cation cannot be resolved. Femtosecond stimulated Raman spectroscopy (FSRS) 17, 18 offers improved time resolution that is realized by the temporal nature of the overlap of two coherent optical fields from a picosecond Raman pump pulse, ω p and a femtosecond white-light continuum (the Raman probe pulse), ω s . A full review of FSRS has been given recently. 19 Briefly, when ω p and ω s are incident on the sample they drive a molecular vibration of frequency, ω v , equal to ω p -ω s . The Stokes Raman transitions of the sample result in a net attenuation of the pump beam and net gain in the probe beam intensities. The evolution of the system can be described by coupled wave equations in which the pump and Stokes fields, also referred to as the gain side, are coupled parametrically by the polarization response of the sample. The gain of the Stokes field is determined by the third order Raman susceptibility, χ 3 R , which is directly proportional to the spontaneous Raman cross section, dQ/dΩ, and the derived polarizability tensor, dα/dQ. The 
EXPERIMENTAL
The experiments were performed using the 'ULTRA' laser system at the Science and Technology Facilities Council Rutherford Appleton Laboratory. The capabilities of the ULTRA instrument are described in detail elsewhere. 20 The instrument benefits from having synchronized picosecond and femtosecond laser sources avoiding the need to produce the picosecond pulse by bandwidth narrowing. 21, 22 Briefly, a dual chirped-pulse amplified titanium:sapphire laser operating at 10 kHz repetition rate produced 40 fs and 2 ps duration pulsed outputs at a wavelength of 800 nm. The UV excitation pulse was produced by third harmonic generation of the 800 nm output of the amplifier with ∼ 50 fs duration at 266 nm, or at 290 nm with mixing with a tunable OPA output. Samples were irradiated with a 1 μJ, 100 μm diameter beam, polarized at the magic angle to and overlapped with the probe beams.
For TA and FSRS, a white-light continuum (WLC) in the UV to near IR was generated by focusing a portion of the 40 fs, 800 nm light into either a 2 mm thick sapphire or calcium fluoride plate. The continuum was split 50/50 for reference and probe with the probe beam passing through the sample, where it was focused to ~ 50 µm. For FSRS experiments, the Raman pump beam was generated through optical parametric amplifier mixing of the 800 nm, 2 ps duration output, which was spatially (100 µm focused spot size) and temporally overlapped with the WLC at the sample. We have chosen a resonant Raman pump pulse tuned within the absorption envelope of the Trolox C radical cation and neutral radicals, at 430 and 470 nm respectively. Probe and reference spectra were recorded shot-to-shot on 512 element silicon array detectors.
For TRIR work the mid-IR probe pulse was generated using ∼ 0.4 mJ of the 800 nm femtosecond output to pump an optical parametric amplifier, followed by difference frequency mixing of the signal and idler components. The mid-IR probe output pulses had ∼ 500 cm − 1 bandwidth and ∼ 50 fs pulse duration. The UV pulses were polarized at a magic angle to the IR probe laser polarization. Probe and reference spectra were recorded shot-to-shot on mercury cadmium telluride array detectors. The overall instrument response time was <200 fs. The sample in solution was placed between two 25 mm diameter CaF 2 plates in a Harrick cell. The cell was raster-scanned to limit irradiation of the sample by multiple pulses. The optical path of the sample between the two windows was controlled using a PTFE spacer 400 m for UV-Vis and FSRS and 200 to 300 m for TRIR. All solutions were flowed using a peristaltic pump.
Changes in probe spectra were monitored as a function of the time difference between the UV photolysis pulse and the probe pulse. Ground-state FTIR spectra were recorded using a Nicolet Avatar 360 spectrometer. 
RESULTS AND DISCUSSION
Transient absorption (TA) spectra 23 and is similar to that observed by nanosecond flash photolysis of α-tocopherol in micellar solutions. 13, 15 As the hydrated electron absorption increases from 1 to 25 ps, there is evidence of a parallel growth in absorbance at 460-470 nm which corresponds to the absorption maximum of the tocopheroxyl radical cation, as observed for MDL74030 in acidic aqueous solution 12 and α-tocopherol in MeCN and some other solvents. 15, 24 The radical cation absorption subsequently decays at pump-probe delays longer than 25 ps and is replaced by a peak and shoulder at 400-440 nm characteristic of the Trolox C neutral radical. 10, 15 This absorption then remains at a constant intensity on the nanosecond timescale. Whilst the characteristic signature of several different photolysis products may be identified from these spectra, their individual rates of formation and decay are difficult to evaluate due to the overlapping nature of their absorption spectra. A typical example of an absorbance transient at a single wavelength (in this case 470 nm) exhibits a prompt (< 1ps) formation of absorbance followed by a growth in absorbance with τ = 15.6 ± 2.7 ps, followed by a decay with τ = 60.8 ± Table 1 . , and confirms the identity of this residual absorption as that of the hydrated electron as previously observed in nanosecond experiments where a one-photon dependence has been established. is accompanied by solvation of both products, as similarly proposed for phenolate by Chen et al.. 25 The rate of formation of the radical cation is comparable with that of vibrational relaxation of a typical excited state. The kinetic isotope ratio (k H /k D ) for the formation of the radical cation and hydrated electron is 2.9 ± 0.3 and is consistent with the role of water in the solvation process. The initial formation of the radical cation and hydrated electron, is followed by a second phase in which only a fraction (estimated at ca. 80% in D 2 O) of the hydrated electron and radical cation signals decay with a time constant of ca. 60 ps in D 2 O as described above. This partial decay appears to relate to the recombination of a geminate radical-ion pair. The limited recombination may be due to either a) separation of the ion pair so that normal diffusion kinetics take over after the first 500 ps in D 2 O, or b) deprotonation of the radical cation resulting in a lowering of reactivity of the ion pair. Although the radical cation has a substantially higher reduction potential than that of the neutral radical (480 mV) 27 by about 400 mV 28, 29 , reaction of the hydrated electron with the latter will remain very strongly exergonic and so the first explanation is preferred. Also favoring a) is that deprotonation will reduce the attractive interaction of the geminate ion pair and facilitate separation. This conclusion is supported by the observation of geminate ion pair between the hydrated electron and neutral phenoxyl radical by Chen et al. 25 The recombination phase of the reactions observed in Figures 1 and 2 has a k H /k D ratio of 2.0 ± 0.2, again suggesting the involvement of a proton transfer or solvation, in this instance consistent with proton transfer to solvent as would occur in the deprotonation reaction (Scheme 2). Further investigation requires a technique that will independently allow the formation and decay of the cation and neutral radicals to be resolved spectrally and temporally.
Transient Absorption Kinetics at 470 nm
Trolox C in H 2 O Formation tau 5.3 (± 1.0) ps k H /k D (formation) Decay tau 30.8 (± 2.9) ps 2.9 (± 0.3) Trolox C in D 2 O Formation tau 15.6 (± 2.7) ps k H /k D (decay) Decay tau 60.8 (± 12.3) ps 2.0 (± 0.2)
FSRS -Kinetics Raman Band

Femtosecond Stimulated Raman Spectroscopy (FSRS)
FSRS was used to investigate the reactions described above using actinic pulses at 266 or 290 nm and a Raman pump at 435-450 nm to be on resonance with the absorption spectra of the neutral and cation radicals of Trolox C. Figure 3 shows the results from Trolox C (7.5 mM) in D 2 O with the Raman pump at 435 nm. The time-resolved spectra in Figure 3A show the initial formation of a Raman gain band at times up to 50 ps, with a peak at 1607 cm -1 . This compares with a Raman shift of 1620 cm -1 previously reported for the tocopheroxyl radical cation of MDL74303 in 10 M HCl and assigned to the ν 8a C=C ring stretching mode. 12 At pump-probe delays longer than 10 ps, the spectra show the emergence of a second band at 1494 cm -1 .
Simultaneously the original band shifts to slightly lower frequency at 1596 cm Figure 4 and the kinetics in The FSRS data now clearly show that it is the deprotonation of the radical cation that is controlling the decay of the hydrated electron. After the deprotonation reaction is complete, the hydrated electron no longer decays on the timescale of Figure 1 (i.e. up to 1 ns). Since on energetic grounds the neutral radical would be expected to react rapidly with the hydrated electron within a radical pair, it is therefore concluded that separation of the geminate ion pair is also determined by this deprotonation rate with the electron becoming free as the proton is wavenumber / cm similar to that for the tocopheroxyl radical cation. 12 By analogy, Trolox may be described as a "radical-acid". The relative stability of the tocopheroxyl radical in non-aqueous media such as hexane 28 and acetonitrile 24 is therefore a result of the inability of these solvents to accept a proton.
Time-resolved infrared (TRIR) studies.
The picosecond TA and FSRS studies described above clearly show the evolution of radical states of Trolox C. In addition the TA spectra from photoexcitation of Trolox C in aqueous solution contain a short-lived broad transient absorption at 560 nm that is tentatively assigned to the initially excited electronic state. In order to complement these studies the TRIR spectra of α- A major difference between the TRIR spectra of α-tocopherol and Trolox in methanol-d4 is the large difference in the recovery of the bleached ground state bands. In α-tocopherol it was noted that there was less than 15% recovery whilst in Trolox C recovery occurs on an approximately 7 ps timescale and amounts to about 80%. Since dissociation occurs from the S 1 excited state, the longer lifetime of α-tocopherol leads to a much larger yield of the neutral radical as compared with Trolox C in methanol-d4. It is interesting that the carboxylic acid group is seen to report the conversion of Trolox C to the excited state and neutral radical species. It is well known that B the unpaired electron in the neutral radical species is delocalised to the chroman oxygen atom and that this serves to stabilise the radical in order to reduce its reactivity and increase the chainbreaking activity of vitamin E. 36 Scheme 3 suggests how the δ+ charge of the chroman oxygen atom in the resonance hybrid might interact with the carboxylic group so that the latter responds to radical formation (vide infra).
Scheme 3 The proposed interaction of the carboxylic acid group with the chroman oxygen in the quinoidal canonical structure of the neutral Trolox C radical resulting from the electron delocalization proposed by Burton and Ingold 36 . Figure 7 spectra of either α-tocopherol or Trolox C in methanol-d4. This TRIR band is at the same TR 3 frequency as the C=C ν 8a band of the radical cation in the vitamin E analogue MDL7304 12 , and observation of this species in the TRIR spectra is consistent with evidence from the TA and FSRS spectra in aqueous solution. Moreover this band displays an initial increase in intensity with a time constant of 11.5 ± 2.2 ps that is similar to that for the formation of the radical cation observed in both the TA and FSRS experiments in D 2 O ( recombination observed by all three spectroscopic techniques, compared with the direct formation of the neutral radical from α-tocopherol in methanol.
Quantum mechanical calculations
In order to describe possible interactions suggested by the TRIR spectra between the carboxylic acid group of Trolox C and the chroman oxygen atom (O (18) showing that the rate of reduction of aroxyl radicals by α-tocopherol is increased by the presence of metal salts. 42, 43 This effect was suggested to occur through stabilization of the transition state in which electron transfer creates the tocopherol radical cation -aroxyl anion transition state complex as shown in Scheme 4. Photoionization of tocopherols as shown here may be regarded as a half-reaction of the biochemical process. Our results show that due to the very high acidity of the tocopheroxyl radical cation, in the transition state (shown in Scheme 4) proton transfer would proceed extremely rapidly and the reaction may be conveniently be viewed as a concerted electron-proton transfer. 42, 43 Scheme 4 Transition state stabilization by metal salts in the reduction of aroxyl radicals (ArO·) by tocopherol as proposed by Kohno et al. 43 
